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Because of the detrimental pulmonary effects of O 2 , hyperoxic ALI (HALI) has become a prototypical model to study ALI and ARDS in experimental animals (2, 8, 9, 11, 16, 19, 24, 39, 45) . The pathophysiology of HALI in murines has been described in detail (1, 4, 12, 34) , with ALI and respiratory distress established as a primary cause of death in long-term exposures (1, 4, 12, 34) . Although much is known of the lung pathology induced by O 2 , very little is known about the specific genes or gene products associated with O 2 susceptibility, tolerance, or the mechanisms of disease progression and death. In fact, more than a hundred potential causative factors for ALI have been proposed and tested in humans and animal models, but the results from studies on even the most promising therapeutic agents affecting these candidate genes have had little impact on survival rates in humans. Therefore, different strategies are vital to advance our knowledge of the mechanisms of ALI morbidity and mortality.
Inbred mice have been used in genetic studies of ALI to circumvent many of the inherent problems in human populations (10, 15, 17, 21, 22, 27) . These studies have evaluated one or more intermediate phenotypes (e.g., inflammation, hyperpermeability, or number of lavaged cells) to represent a typical characteristic of ALI pathology. To date, however, none of these early indicators has been highly predictive of ALI severity or survival. Because ALI mortality is the definitive outcome that must be improved, we have used survival time as the end phenotype, with a long-term goal aimed at identifying critical genes affecting oxidant-induced ALI mortality. Previously, we reported on the genetic analysis of ozone (29, 31)-and nickel (30)-induced ALI survival. For both oxidative lung injuries, A/J (A) mice are sensitive and C57BL/6J (B) mice are resistant. On the contrary, many independent labs have reported that B-strain mice are quite sensitive to the lethal effects of Ͼ95% O 2 (3, 11, 37, 40, 41) . Thus, although one or more genes may overlap for these different oxidants, the sets of genes affecting survival to ozone-or nickel-induced ALI appear to differ from the set of genes controlling HALI survival.
To address the high mortality rate of ALI, we have established a mouse model to delineate the genetic factors contributing to differential HALI strain survival. In a screen of 18 inbred lines of mice, we selected B-strain mice as sensitive to the lethal effects of hyperoxia, succumbing with severe ALI between 4 and 5 days. 129X1/SvJ (S) inbred mice were selected as the resistant strain for our model. S mice are significantly more resistant, with some surviving at least 10 days. Ultimately, as seen with the B mice, S mice also died with severe ALI. Detailed assessments of large first (F 1 ) and second (F 2 ) generations derived from the B and S strains demonstrated that HALI survival time is multigenic with a complex inheritance pattern, which includes maternal inheritance and decreased penetrance of the resistance trait. Recombinant F 2 mice exhibited significant sex and cross differences, revealing that the parent of origin also influences survival time. Interestingly, at least one gene associated with resistance is contributed by the sensitive B strain, which can further increase survival time in F 2 offspring. This mouse model should be useful to identify genes affecting strain survival time in hyperoxia, and may be useful in subsequent mechanistic studies to assess O 2 tolerance or HALI development and progression.
MATERIALS AND METHODS

Mice.
To determine a mouse model of differential survival in continuous Ͼ95% O 2, we screened females of the following 18 inbred mouse strains for mean survival time (MST): 129P3/J (P; n ϭ 18), 129S1/SvImJ (n ϭ 8), 129T2/SvEmsJ (n ϭ 8), 129X1/SvJ (S; n ϭ 19), A/J (A; n ϭ 22), AKR/J (n ϭ 6), Balb/cByJ (n ϭ 8), Balb/cJ (n ϭ 12), C3H/HeJ (n ϭ 12), C3HeB/FeJ (n ϭ 6), C3H/HeOuJ (n ϭ 6), C57BL/6J (B; n ϭ 18), CBA/J (n ϭ 6), DBA/2J (n ϭ 6), FVB/NJ (n ϭ 12), MRL/MpJ (n ϭ 8), NZW/LacJ (n ϭ 8), and SJL/J strains (n ϭ 6). All mice were obtained from the Jackson Laboratory (Bar Harbor, ME) at 5-7 wk of age and maintained in a virus-and pathogen-free environment with a 14:10-h on-off light cycle. A pair of polar-responding strains was identified for use as a mouse model of HALI survival. In this model, B-strain mice are sensitive whereas 129X1/SvJ (S strain) mice are significantly more resistant to HALI mortality. [Note: We used the letter "S" to abbreviate the 129X1/SvJ strain because we did not want to use a number or the more obvious letter "X," a common abbreviation for "cross" and the "X chromosome" in genetic studies.] After the B-S mouse model was established, crosses of these strains were used in segregation studies to establish trait heritability and the likely mode of inheritance, and to gain an estimate of the number of genes controlling HALI survival. To assess potential differences in breeding patterns, the (BϫS)F 1 (or B.S) and (SϫB)F1 (or S.B) reciprocal hybrids were generated and phenotyped. There were no differences in breeding performance, but phenotyping results for reciprocal F 1 mice supported a parent-oforigin effect, because the MST of B.S mice differed significantly from that of S.B mice. To further assess this parent-of-origin effect, all four possible F 2 crosses (i.e., BS.BS, BS.SB, SB.BS, and SB.SB; female F1 listed first) were generated and phenotyped for segregation analysis of the survival time phenotype. Over the course of these studies, the total numbers of parental strain mice exposed were B ϭ 96 and S ϭ 180.
Hyperoxic atmosphere generation and exposure. Mice in their original shoe box cages (up to 4 mice per cage, with food and water ad libitum) were placed inside a 0.13-m 3 Plexiglas inhalation chamber (special fabrication; Stellar Plastics, Detroit, MI) and exposed to Ͼ95% O 2 until death. The O2 concentration of each chamber was continuously monitored and self-regulated with a ProOx 110 portable O 2 monitor (Biospherix, Redfield, NY). The monitors were calibrated before each exposure as needed with a two-point calibration method of room air and 100% O 2. To allow continuous turnover of O2 and to prevent the buildup of CO2 and ammonia, the chamber air was exhausted out of the building by a duct that attached to the in-house ventilation system. Exposures were closely monitored, such that the survival time for each mouse was within 5% error. Up to three exposures (with up to 36 mice per exposure chamber) could be performed at one time, allowing a maximum of 108 mice to be tested every 2 wk. For mice obtained from the Jackson Laboratory, exposures were initiated at least 1 wk after receipt, but by 12 wk of age. Mice bred in-house were exposed between 6 and 12 wk of age. To avoid sudden hypoxia-related seizures and premature mortalities, the chambers were not opened for the duration of the exposure, which continued until all mice within the chamber were dead. After death of all mice within the chamber, mice were numbered and a tail sample was retrieved from each mouse and stored at Ϫ80°C for subsequent genotype studies. Breeding and exposures of mice included in these studies occurred over Ͼ4 yr, covering all four seasons. No significant differences in survival times were noted between seasons. Mice were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee of Cincinnati Children's Hospital Medical Center.
Phenotype designation. As a different method to determine the likely mode of trait inheritance, individual F 2 mice were qualitatively phenotyped as "sensitive" or "resistant" to HALI-induced mortality. Because all mice eventually die in continuous oxygen, "resistant" in this context is a relative term, based on survival times compared with those of more sensitive mice. Although such a categorical phenotypic description for individual mice could be problematic for a quantitative trait, this designation is useful as a general guideline to identify differences in phenotypes and phenotype ratios among the various breeding schemes. The criterion for phenotype designation (i.e., sensitive or resistant) was established by dividing the total F2 population (n ϭ 840) into quintiles (n ϭ 168 each), which yielded a survival time Ͻ99 h (lowest quintile) for the sensitive phenotype and Ͼ153 h (upper quintile) for a resistant phenotype. Importantly, this resistance cutoff was above the survival range of the sensitive B strain (i.e., longest surviving B mouse was 150 h).
Estimation of heritability and number of genes involved in the survival trait. Broad sense heritability, which includes variance due to dominance effects and nonlinear interactions between different genes, was determined with a variation of the general formula G 2 /( G 2 ϩ E 2 ), where G 2 is the genetic variance and E 2 is the environmental variance. Specifically, F2 2 was used for the total genetic variance ( G 2 ), and F2 2 ϩ (nB B 2 ϩ nS S 2 ϩ nF1 F1 2 /N), the weighted average (n ϭ sample size of each line; N ϭ total sample size) of the variances of parental (B and S) and F 1 populations, was used to calculate E 2 (43) . Narrow sense heritability (h 2 ) of the survival trait was estimated with
To estimate the effective number of genes that influence the survival time difference in hyperoxia, we used the Castle-Wright equation for F 2 mice:
where k is an estimate of the number of independent loci, P 2 and F1 are the MSTs of B and total F1 mice, respectively, and F2 2 and F1 2 are computed variances of the total F2 and F1 cohorts, respectively. These estimates assume that 1) the genes are unlinked, 2) the genes are semidominant and contribute equally to the trait, and 3) all resistance or sensitivity alleles for the trait occur in same inbred strain.
Statistical analysis. MSTs of male, female, and male plus female parental and reciprocal F 1 mice were compared for differences by two-way analysis of variance (ANOVA) with interaction between the two factors. Similarly, male, female, and male plus female F 2 mice were compared for total F 2 mice (all F2 groups combined) and among and within the four different F 2 mating groups (BS.BS, BS.SB, SB.BS, and SB.SB). The interaction term between sex and mating groups was included when significance level was Ͻ0.20 and Tukey's post hoc test adjusted for pairwise comparisons when main effects were P Յ 0.05. In addition, two focused comparisons of MSTs were conducted for males, females, and total mice derived from combining F 2 groups with a common F1 dam or F1 sire (i.e., B.S dam vs. S.B dam and B.S sire vs. S.B sire). Besides comparison of MSTs of reciprocal F 1 and F2 groups, a parent-of-origin effect was also explored by comparing the sensitive-to-resistant phenotype ratios (S:R) among the F 2 mating groups. Sensitive phenotypes were defined as MSTs falling in the lowest quintile (Ͻ99 h) and resistant phenotypes in the highest quintile (Ͼ153 h).
2 -Tests were used to compare the observed S:R to the null hypothesis value (1.0) for each of the F 2 subpopulations.
Wilcoxon-Mann-Whitney tests were used to compare male-female S:R within each F 2 subpopulation. In all cases, statistical significance was accepted at P Յ 0.05, after correcting for multiple testing.
RESULTS
Identifying the mouse model.
To determine a mouse model of HALI for subsequent genetic analysis of survival time, female mice from 18 inbred strains were exposed to continuous Ͼ95% O 2 ; MSTs are presented in Fig. 1 . Overall, the strains displayed a continuous phenotype distribution pattern, with MSTs of the highest and lowest responders ranging near twofold. In this initial study of females, only the S strain was markedly resistant compared with the other strains, with a MST of 182 h (n ϭ 19). Four substrains of the 129-derived inbred lines were tested; nomenclature for the 129 substrains is as described by Festing et al. (13) . Three of these 129 substrains, namely, 129P3/J (P), 129S1/SvImJ, and 129T2/ SvEmsJ, were the most sensitive strains tested. Surprisingly, the S substrain (129X1/SvJ) was initially the most resistant of all strains tested. Of the other strains tested, the AKR/J, SJL/J, and B strains were also sensitive (MST Յ 106 h). The B strain was selected as the sensitive line for further study, because of the abundant genetic data that exist for this strain and its relatively high number of known polymorphisms with the S strain that would help in the ensuing genome-wide analyses. Thus the B-S mouse model was established for subsequent genetic studies. Although the other 129 substrains are the most sensitive, they are genetically very similar to the S strain and estimated to share at least 80 -90% of their genomes (33, 36) . This makes the identification of polymorphic markers-which are needed to track parental inheritance-extremely difficult (microsatellite markers) or very expensive [single nucleotide polymorphism (SNP) analysis]. Interestingly, the A/J (A) and B strains can be considered another polar-responding model for use in genetic studies. A-strain mice are relatively resistant to hyperoxia, revealing that the B and A survival times in hyperoxia are opposite those in other oxidative exposures tested, including ozone (31), nickel sulfate (30) , and polytetrafluoroethylene (Teflon) fumes (42) , where the B strain is resistant and the A strain is sensitive.
Assessment of the mouse model: parental and F 1 populations. To gain a better understanding of the B-S model for HALI survival, we increased the sample size of the parental strains and included both males and females. Unexpectedly, after additional S-strain mice were tested over time, the MST decreased to 132 h (n ϭ 180), which placed the S strain in a more intermediate susceptibility category (see Fig. 1 ), but still surviving significantly longer than the most susceptible strains. B-strain mice were always sensitive or intermediate in sensitivity, with survival times ranging from 64 to 150 h (n ϭ 96). Fewer than 13% (12 of 96) of B mice survived longer than the 132-h mean of the S strain ( Fig. 2A) . A closer look at the individual survival times of the S mice showed that 33% survived longer than the mean and about one-fourth (41 of 180) died later than the longest-surviving B mouse (150 h). This most resistant subset of S mice had a MST of 192 h. The dichotomy of phenotype suggests that penetrance of the resistance trait is significantly Ͻ100%.
To assess the likely mode of inheritance, we first tested B.S F 1 offspring for survival time in hyperoxia. Similarly, offspring from the reciprocal F 1 cross (i.e., S.B) were also tested to check for a possible parent-of-origin effect, as was suggested with ozone-induced ALI survival (31) . Descriptive statistics for the parental and F 1 populations are given in Table 1 , and their MST distributions are displayed as box plots in Fig. 2B . A significant difference (P ϭ 0.0001) in MSTs was determined for B.S mice [123.3 Ϯ 29.5 (SD) h; n ϭ 69] compared with S.B mice (146.1 Ϯ 36.7 h; n ϭ 53), suggesting that maternal inheritance may control some part of resistance (Fig. 2B) . Reciprocal F 1 crosses of the P-S strain combination (i.e., P.S vs. S.P) also showed a significant difference in MST (i.e., S.P Ͼ P.S), further supporting a maternal inheritance pattern of this trait (data not shown). Thus an S dam yielded more resistant F 1 offspring, and B or P dams yielded more sensitive F 1 progeny. B.S mice were more resistant than B mice, demonstrating that this F 1 hybrid gained dominant resistance alleles from the S strain. Interestingly, S.B mice were even more resistant than the resistant parental S strain (surviving ϳ14 h longer on average; P ϭ 0.01), indicating that the S strain could gain further resistance with alleles originating from the sensitive B strain (Table 1 and Fig. 2C ). On the basis of these findings, we set up breeding pairs of B.S and S.B F 1 mice to generate all four possible F 2 populations in sufficient numbers, so that each cross had the power to stand alone in subsequent statistical and genetic analyses. Using residual error variances, R/qtlDesign (32) calculated that 190 mice of each F 2 cross has Fig. 1 . Strain phenotype pattern for hyperoxic acute lung injury (HALI) survival time. Eighteen strains of inbred mice were tested in Ͼ95% continuous O2, and mean survival times (MSTs) were calculated. For this initial screen, all mice were females and were purchased from the Jackson Laboratory (Bar Harbor, ME). The MST for each strain is shown above the error bar (SE), and the number of mice exposed for each line is shown within each bar. At least 6 mice of each strain were tested. Interestingly, three 129 substrains [light gray bars; 129T2/SvEmsJ (129T2), 129S1/SvImJ (129S1), and 129P3/J (129P3)] were the most sensitive strains, but a fourth 129 substrain, 129X1/SvJ (S; dark gray bar), was the most resistant strain initially tested. The C57BL/6J (B; black bar) strain was also sensitive. Segregation analysis of F 2 populations. A total of 840 F 2 mice (i.e., Ͼ190 mice for each of the 4 intercross mating schemes) were generated and continuously exposed to Ͼ95% O 2 . The survival time distribution of the total F 2 population was slightly skewed to the left, but a natural log transformation could normalize this distribution curve (data not shown). Descriptive statistics (population sizes, MSTs, and SDs) of the different F 2 cohorts are listed in Table 1 . The complete data set is presented as total mice (males plus females) and males and females for each F 2 cross and for the relevant combined crosses (i.e., F 2 groups with a common F 1 dam or common F 1 sire). Figure 3 presents comparisons of the F 2 populations. MST distributions of the four F 2 populations are displayed as box plots in Fig. 3A . All four F 2 groups had a similar overall range of survival times. Statistical results of the six pairwise comparisons between the four B-S-derived F 2 crosses and the two meaningful combined crosses (i.e., B.S dams vs. S.B dams and B.S sires vs. S.B sires) are presented in Fig. 3B . The survival time comparisons between the F 2 cohorts revealed that SB.BS and SB.SB F 2 mice (the 2 groups with an S.B dam) did not differ statistically from each other (P ϭ 0.60; dashed line) and BS.BS and BS.SB (2 groups with a B.S dam) also did not differ statistically from each other (P ϭ 0.12; dashed line). However, MSTs of BS.BS F 2 mice and BS.SB F 2 mice differed significantly from both SB.BS and SB.SB F 2 mice (solid lines). SB.BS mice were the most resistant F 2 group, whereas BS.SB mice (which are generated from the reciprocal dams and sires, as are SB.BS) were the most sensitive F 2 group. The other reciprocal F 2 pair (i.e., SB.SB and BS.BS) had intermediate MSTs. Combining F 2 groups with a common F 1 dam or sire established that groups with an S.B dam (SB.SB ϩ SB.BS) differed significantly (P ϭ 0.0001) from those with a B.S dam (BS.BS ϩ BS.SB) (Fig. 3B) .
Two-way ANOVA with interaction was used to test the between-group effects for cross and sex. This ANOVA indicated no interaction between sex and cross (F 3,832 ϭ 1.19, P ϭ 0.31), so the interaction term was removed and main effects of cross and sex were tested separately. Analysis with two-way ANOVA indicated a statistically significant difference among mating groups (F 3,832 ϭ 16.70, P Ͻ 0.00001). After adjusting for sex, mice from S.B dams survived an average of 17.4 h longer than those from B.S dams (P Ͻ 0.0001). Similarly, mice from B.S sires had a 6.4-h higher survival time than those from S.B sires (P ϭ 0.015). After adjusting for cross effect, sex differences were also significant among all F 2 groups (F 1,835 ϭ 15.45, P Ͻ 0.0001). Male mice survived an average of 10.7 h longer than female mice. Altogether, these data reveal that males from an S.B dam are categorically the most resistant B-S F 2 mice, and having a B.S sire added additional resistance. Similarly, females from a B.S dam were the most sensitive F 2 mice, and having an S.B sire further increased sensitivity. The results provide additional evidence that some part of the overall survival time has a parent-of-origin effect.
Sensitive-to-resistant phenotype ratios. To further assess a parent-of-origin effect for HALI survival, each mouse was designated as sensitive or resistant (as described in Phenotype designation) and sensitive-to-resistant ratios (S:R) of F 2 offspring were determined for males, females, and males plus females within and between all F 2 cohorts (Table 2 ). Because the total F 2 data were grouped into quintiles (upper quintile represents the 168 most resistant mice and lower quintile represents the 168 most sensitive mice), the S:R of the total F 2 population was necessarily 1.0. For total mice, the S:R ranged more than sixfold between reciprocal F 2 groups, with S:R of 2.42 for BS.SB mice and 0.40 for SB.BS mice. Similarly, a sixfold range in S:R was also seen between males (0.33-1.93) and females (0.5-3.1) of these reciprocal F 2 crosses. The range of S:R for the other reciprocal F 2 pair (BS.BS and SB.SB) was about twofold for total mice, and for males and females separately. Table 3 lists the statistical comparisons of the S:R for each F 2 group compared with a null hypothesis value of 1.0 and the S:R for males compared with females within F 2 groups.
Within the total F 2 population, S:R were opposite for males (0.70) and females (1.48), with males twice as likely as females to be resistant. For each F 2 group, males had a S:R that was significantly less (or trended less) than that of females; in most cases, males had S:R nearly half those of females. For example, males from BS.BS (S:R ϭ 0.91) are more than twice as likely as females (S:R ϭ 2.27) to be resistant than sensitive. Similarly, males from S.B dams (S:R ϭ 0.37) are twice as likely to be resistant as sensitive (S:R ϭ 0.76), and about one-fourth as likely to be sensitive as males from B.S dams (S:R ϭ 1.31). These phenotype ratios are consistent with a significant sex effect. Many other comparisons highlight a difference in phenotype based on a common F 1 parent. For example, offspring from a B.S dam were nearly twice as likely to be sensitive as resistant (S:R ϭ 1.84), whereas those from an S.B dam were twice as likely to be resistant as sensitive (S:R ϭ 0.52).
Other interesting results emerged when males and females within the two reciprocal F 2 groups were compared. BS.BS males have a S:R approaching 1:1 (0.91), but SB.SB males have a S:R of Ͼ1:2 (0.41). BS.BS females are twice as likely to be sensitive as resistant (S:R ϭ 2.27), but SB.SB females are equally likely to be sensitive or resistant (S:R ϭ 1.11). For the second reciprocal F 2 pair, males and females from BS.SB had at least a 2:1 S:R, whereas males and females from SB.BS had at least a 1:2 S:R. Many additional comparisons of S:R can be made between F 2 groups and between sexes within groups, but the results reach similar conclusions and agree with results from analysis of MSTs. Specifically, differences in S:R between F 2 groups support a significant sex difference and a parent-of-origin effect on HALI survival time.
Heritability, estimated number of genes involved, and overall mode of inheritance. Broad sense heritability was 0.56, suggesting that genetics and the environment share equally in the overall phenotype. Narrow sense heritability (h 2 ), the proportion of phenotypic variance that can be attributed to additive genetic variance, was 26% for the entire F 2 population. It was higher for males (0.29) than females (0.08) and ranged from negative (Ϫ0.19 for BS.SB) to positive (0.23 for BS.BS, 0.26 for SB.SB, and 0.45 for SB.BS) for the different F 2 crosses. The minimum estimated number of genes segregating with survival in the total F 2 population was less than one. Because at least one of the assumptions for the use of these calculations has been contradicted (i.e., all resistance or sensitivity alleles for the phenotype occur in the same inbred strain), this estimate is not valid. The mode of inheritance of the resistance trait generally followed a maternal pattern for one gene or set of genes (e.g., S.B dams yielded more resistant offspring than B.S dams) but a paternal pattern for another gene or set of genes (e.g., B.S sires had more resistant offspring than S.B sires; Table 1 ).
DISCUSSION
Improvement in supportive measures has significantly decreased mortality and morbidity associated with ALI and ARDS over the past two decades, yet the death rate remains unacceptably high. Supplemental O 2 and lung-protective strategies are used to combat pulmonary dysfunction. Paradoxically, too much O 2 is itself extremely detrimental to the lung. Therefore, O 2 therapy for such critically ill patients is a counterbalance between adequate levels for vital blood and tissue oxygenation and its destructive side effects. Given this, we submit that having the ability to use higher levels of O 2 for longer periods would afford patients the time to better resolve lung injury, which should lead to decreased ALI-associated morbidity and mortality. Toward this long-term goal, we have established a mouse model to identify genes affecting HALI survival time. Although numerous intermediate phenotypes for ALI could have been chosen for this work, many of which have already been assessed (17, 18, 20 -22) , survival time was chosen as the end phenotype for these studies, because ALIassociated mortality is the ultimate outcome that must be improved.
To begin to identify important genes affecting the ability to withstand continuous hyperoxia, 18 common inbred strains of mice were screened. The B-S mouse model of HALI was identified for subsequent genetic analysis. Broad-sense heritability was 0.56, suggesting a similar effect on the survival trait from genetic influences and the environment. Narrow-sense heritability differed considerably among the four F 2 groups, ranging from negative for BS.SB to 45% for SB.BS and much higher for males than females. By several different formulas, the minimal number of genes segregating with the survival time phenotype was always considerably below one. Because these estimates assume that all sensitive or resistant alleles occur in the same strain, which MSTs and phenotype ratios strongly suggest is not the case, the calculated estimate is unreliable. Further complicating this estimate is the decreased penetrance of the survival trait. This was most evident in the resistant S strain, where only about a fourth of these mice survived longer than the longest surviving mice for the B strain (i.e., Ͼ150 h).
Initially, a twofold difference in MSTs was measured between the B and S strains. This difference made the B-S model attractive for these and future genetic studies. However, this difference was identified when only females of each strain were screened. Unexpectedly, as additional mice were phenotyped, the MST of S-strain mice decreased from 182 h (n ϭ 19) to 132 h (n ϭ 180). Nonetheless, the MSTs of the B and S strains differ significantly. A large difference in response between any two strains is desired, but it is not required for a good mouse model of a complex trait. Instead, a good mouse model requires that the genes underlying the phenotype differ between the parental strains and that these genes segregate (i.e., show significant phenotypic differences in their backcross or F 2 offspring). In this case, the B-S model meets these requisites. Further helping this model is the existence of at least one resistance gene in the sensitive B strain. Recombination of the resistance genes contributed by both parents can lead to recombinant offspring with survival times greater than either parent. Unfortunately, the smaller difference in MSTs between the B and S strains necessitated significantly larger populations of recombinant mice for genetic analysis. Further complicating Sensitive-to-resistant ratio in the total F2 population was set at 1.00 (168:168), based on the quintile (upper and lower) cutoffs of the raw survival time data for the total F2 population. The sensitive cutoff was established at a survival time of Ͻ99 h (lower quintile), and the resistant designation was a survival time Ͼ153 h (upper quintile). Abbreviations are as given in Table 1 . * 2 -Test to compare observed sensitive-to-resistant ratio to null hypothesis value (1.0) for the different F2 populations. †Wilcoxon-Mann-Whitney test to compare male-female sensitive-to-resistant ratios within each F2 subpopulation. Significance for both tests was accepted at P Ͻ 0.05. subsequent genetic studies is the low penetrance of resistance in the S strain.
Survival times of reciprocal F 1 (S.B vs. B.S) mice were consistent with maternal inheritance, with resistance inherited as a dominant trait from the S strain. Whether this mode of inheritance is due to one or more imprinted genes, mitochondrial inheritance, variable expressivity, sex-related differences, or X chromosome linkage was not established here. The complexity of survival time inheritance did not allow an X chromosome effect to be clearly identified, but a major dominant gene on the X chromosome is not supported. Whereas S.B males and S.B females did not differ in MST (a finding that would be expected with a dominant X chromosome-linked gene for resistance), B.S males and B.S females also did not differ (females would be expected to show more resistance, because half would be predicted to have a dominant S allele, assuming random X inactivation). However, S.B males differed from B.S males and S.B females differed from B.S females by Ͼ20 h on average. These differences in F 1 mice are consistent with imprinting and maternal allelic expression. Interestingly, nearly half of the S.B mice survived longer than any B mouse but only ϳ16% (ϳ1 of 6) of B.S mice did, suggesting that the parent of origin might also affect penetrance of the resistance trait.
To further assess a parent-of-origin effect, all four F 2 crosses were generated and tested. The survival time range of B-Sderived F 2 mice was nearly sixfold (2.2-12.6 days), which extends beyond the combined ranges of the two parental strains. This expansion of the phenotype range is consistent with the sensitive B strain carrying one or more resistance genes/alleles or the resistant S strain carrying sensitivity genes/ alleles. All F 2 groups showed a similar overall range in survival times, but the number of mice at the two extremes of the ranges differed markedly between the groups, resulting in differences in MSTs and S:R among the F 2 populations.
Results of segregation analysis demonstrate that HALI survival has a complex mode of inheritance. MSTs for males were more than those for females in control and F 2 populations, but not in the reciprocal F 1 cohorts (Table 1) . A sex difference in ALI deaths has been reported in humans (25) , although a sex difference was not found in an earlier report (23) . Several animal models have also demonstrated sex differences in lung injury phenotypes (5, 14, 28, 38) and could be related to autosomal (e.g., hormones) or sex chromosome differences or to environmental or other epigenetic factors.
Survival times of the various F 2 populations differed significantly within and between most cohorts, and data primarily supported a maternal inheritance of one resistant gene or set of genes and a paternal inheritance of another resistant gene or set of genes. Specifically, F 2 crosses with an S.B dam yielded more resistant offspring than those from a B.S dam (SB.BS Ͼ BS.BS; SB.SB Ͼ BS.SB; S.B dams Ͼ B.S dams), and offspring from F 2 crosses with a B.S sire were more resistant than those from an S.B sire (BS.BS Ͼ BS.SB; SB.BS Ͼ SB.SB; B.S sires Ͼ S.B sires). These findings directly correlated with the MSTs of the reciprocal F 2 BS.SB and SB.SB vs. SB.BS), demonstrated that an S.B dam imparts more resistance to the overall survival time than does a B.S sire.
Results comparing S:R among and between F 2 groups agreed with findings from MST comparisons. Males had lower S:R compared with females, which is in accord with males having higher MSTs than females. F 2 groups with S.B dams or B.S sires had lower S:R, whereas B.S dams and S.B sires had higher S:R. Thus, as determined by MSTs, a B.S dam or an S.B sire imparted sensitivity and an S.B dam or a B.S sire imparted resistance in the F 2 offspring. Accordingly, S:R were highest for BS.SB females (most sensitive F 2 group) and lowest for SB.BS males (most resistant F 2 group). Comparisons revealed up to a ninefold difference in S:R for males, females, and total mice, and they highlight the significant sex and cross differences between these F 2 groups.
Besides a maternal inheritance pattern (which can include the inheritance of oocyte cytoplasm and mitochondria from the maternal grandmother), the data are also consistent with the strain of origin of the Y chromosome, which derives from the paternal grandfather in an F 2 cross (Table 4 ). The longestsurviving F 2 mice were generated from the SB.BS intercross. From MSTs, we found that S.B dams provide the majority of the resistance, but B.S sires confer more resistance than S.B sires. Thus, inheriting the correct resistance alleles from Sstrain grandparents leads to the most resistance in F 2 offspring. Similarly, BS.SB mice are the most sensitive F 2 population; the MST also concurs with sensitivity alleles inherited from Bstrain-derived grandparents. Evidence of at least one Y chromosome polymorphism was recently reported to influence susceptibility of both male and female mice to experimental allergic encephalomyelitis, a mouse model of multiple sclerosis (35) . In that report, the authors provided evidence for a possible intrauterine positional effect of the pups during gestation and suggested that females may also be affected postnatally as a consequence of the neonate-to-weanling environment. In males, the Y chromosome has been linked to body fat (44) and has also been strongly associated with blood pressure variation (7, 26) and higher cholesterol levels (6), although no genes mapping to the Y chromosome have been specifically identified for these quantitative traits. Nevertheless, the Y chromosome appears to influence susceptibility of these traits, and Y chromosome inheritance is consistent with the HALI MSTs of the B-S-derived F 2 populations. Whether male-female differences in HALI survival are due to Y chromosome effects or to environmental or hormonal differences requires additional study.
Collectively, the data presented here identified the B-S mouse model and initiated genetic studies to determine herita- bility and segregation of HALI survival time. Findings from this mouse model highlight some of the difficulties that could be encountered in performing such analyses in human populations. The survival phenotype is a complex, multigenic trait that demonstrates maternal inheritance, decreased penetrance, and significant sex and cross differences among the F 2 groups. Besides dominant resistance genes present in the S strain, one or more dominant resistance genes also exist in the sensitive B strain. These B alleles can impart further resistance to F 2 offspring carrying favorable B-and S-strain resistance alleles, or additional sensitivity to those mice with unfavorable allelic combinations. The generated F 2 data set, which includes nearly 200 mice (or more) for each of the four F 2 crosses of a single mouse model, will be a valuable resource in subsequent genetic studies to begin to identify genes and gene interactions contributing to strain survival differences to HALI.
